Indeed, inferring the nature or state of a source by investigation of the signals which it generates is an important procedure. On the other hand, this simple method of representation of such complex records carries interesting implications for minimizing the difficulty of filing (perhaps in a computer store) patient records of this type.
The idea of numerical indices of this type is not unrelated to a sophisticated form of diagnostic classification. The state of a patient in respect of a certain physiological function might come to be expressed quantitatively in terms of an index which combines a quantitative set of relevant factors between which all common effects and interrelations have been eliminated. One cannot assume that because simultaneous records of two physiological factors look entirely different, they are not largely controlled by the same parameter. They may be represented as very different nonlinear, time-varying, transformations of the one stimulus and only a few techniques are yet available for resolving the interrelations. Hence assembling an index may be an elaborate numerical task.
Search for Trends: Predictive Monitoring Assessment of the current condition of a patient with the aid of devices which monitor appropriate physiological variables is certainly of practical utility in some situations and seems likely to lead to the compilation of useful quantitative records. There is, however, another possibility: consider the situation in which a set of physiological factors gradually assembles, producing a more or less consistent change in the condition of a patient, to an extent which assumes clinical significance. Is it likely to be possible, by the study of suitable measurements, to recognize this trend automatically at an early stage? The possibility now seems much less remote. In certain types of physiological experiment an ultimately welldefined shift of physiological state takes place but the trend in appropriate indicating variables can in some cases be extracted by computational methods at a distinctly earlier stage; an extrapolation can be effected which serves as a predictor of the continuing course of events. [The matter was illustrated by the results of a simple hyperventilation experiment in which the R-R interval in the electrocardiogram was employed as an indicator of sinus arrhythmia; the series of figures cannot be included in this abridged report.] It is tempting to speculate whether this type of procedure might be applicable in clinically important situations in which the kind of trend involved may lead to a condition of the patient demanding rapid palliative action. Clearly exploration of these possibilities requires familiarity with the dynamic properties of physiological variables; equally clearly, computer digestion of the data is the key to this type of research.
It will be seen that the opportunities for investigation, which are now exciting many who work with computers, arise largely because it is possible to contemplate serious quantitative experimentation without necessarily becoming totally submerged in data. The extension of our facilities in this respect is so wide as to represent an entirely new scientific method.
Dr Patricia M Fraser and Professor D N Baron (Royal Free Hospital, London)
Computer-assisted Classification and Diagnosis of Liver Disease
In this paper we propose to give an introduction to the use of computers as an aid to diagnosis, and will discuss some preliminary results obtained in an attempted classification of liver disease (Baron & Fraser 1965 , 1966 , Lusted 1965 .
Attempts to set up models for computerassisted diagnosis have been based largely on Bayes's theorem of conditional probability and modifications of this technique (Warner et al. 1961) . From the theorem a formula is derived which calculates the probability of each disease of a set being present when a patient exhibits a certain complex of characters. We shall use 'character' as a general term to refer to each item of information obtained from the case history, physical examination, and laboratory or other investigations. To apply Bayes's theorem, a welldefined classification of the particular set of diseases under consideration is first essential, so that the incidence of characters in individual diseases, and the incidence of these diseases in the particular population under study is known. Subsequently, given a certain complex of characters relating to a new patient, the probability of each disease being present can be calculated.
This type of computer-assisted diagnosis is based on the normal pattern of human diagnosis. The accuracy of a diagnosis, whether by physician or computer, depends on the accuracy ofcharacter collection, and many studies have shown the variability of physicians in eliciting clinical data, and similarly of radiologists in diagnosing X-ray plates, of histologists in interpreting slides, and of biochemical laboratories in reproducibility of analytical results. Once the disease models have been set up, they can be used by other physicians for consideration of their patients, and diseases can be successfully diagnosed even if they have never been met before by the physician. However, this method cannot identify a disease for which a model has not been set up. If such a method were adopted for any related set of assumed disease entities because of the a priori assumption that the set is complete, it would be difficult to recognize if the existing classification were wrong, or incomplete.
When there is reason to doubt that an ideal classification of a set of related disorders into disease entities has been reached, then an objective analysis can be made, using the techniques of numerical taxonomy (Sokal & Sneath 1963) . The construction of well-defined disease categories is a necessary preliminary to the full use of computers in diagnosis and prognosis, and this is the problem we are facing in our efforts to use a computer to assist in the diagnosis of liver disease. Some aspects of the existing classification of chronic liver disease are felt to be controversial. For example, it is open to question whether 'juvenile cirrhosis' exists as a separate entity, or whether it is one manifestation of a more generalized systemic disorder, or merely a stage in the pathogenesis of cirrhosis of the liver. For the analysis, a large number of patients suffering from a set of related disorders, in our case with liver disease, are taken for study, and as many characters as possible are elicited. A large number of patients provides a wide pattern of disease and, it is hoped, minimizes the effect of error in the collection of characters. Initially, no assumptions are made as to the existence of any particular disease entities. The patients are grouped together, according to a majority of shared characters, to form clusters which may correspond to disease entities. Once the new classification has been made, weight can be given to the characters of greatest diagnostic significance. A new patient could then be compared with every disease entity using probability methods. If instead, however, a new patient is compared with the complete original matrix of patients and thus assigned to the appropriate cluster, adding his information to the matrix, the disease register would be continually brought up to date.
Selection ofPatients and Characters
The techniques of numerical taxonomy appear to have been little used in medicine so far. A noteworthy exception is the work of Hayhoe et al. (1964) who used Sneath's technique to classify the acute leukwmias on the basis of cytology and cytochemistry.
The selection of patients and characters for a survey of this kind cannot be an entirely objective procedure. It is necessary to decide which patients shall be included, and which characters, from the many which could be recorded, are pertinent to the diagnosis of liver disease. We have chosen to study about 700 patients, principally under the care of Professor Sheila Sherlock in the Department of Medicine at the Royal Free Hospital.
At present, we are using as characters all the data relevant to liver disease which are normally recorded on each patient on first admission to the hospital. The case history and physical examination contribute 200 characters, and a further 1 10 are the results of the first available laboratory investigations. These include details of biochemistry, hematology, bacteriology and serology. The remaining 20 characters are the results of radiological and special investigations. In almost all cases, the histological diagnosis made on a liver biopsy is available. It would be preferable to have the histological data recorded in the form of characters (such as excess eosinophils) and although this information has now been made available, the results reported in this paper were obtained at a time when the histological diagnosis counted as a single character.
Ideally we should like this to be a prospective survey, but the quality of the data already collected during the last five years is such that a retrospective survey is probably worth while. The clinical data on patients with liver disease are. recorded on a standard document. They are retrievable and in a majority of cases complete or nearly so. They are also reasonably consistent since Professor Sherlock has seen all the patients and a small number of registrars have each seen a large number of the patients. This is probably the best that can be expected for a retrospective survey.
The data from each patient are recorded on a pro-forma in a conventional form with a minimum of distortion. Many of the clinical characters are dichotomous characters which are either present or absent. Other characters are most naturally multistate, covering a range of possible variation, and clearly the character states selected must be mutually exclusive. The remaining characters, which include most of the laboratory data, are recorded in a numerical form.
In this empirical approach to taxonomy, initially all characters are considered equivalent, since no prior evaluation of the characters is permitted. The taxonomic arguments in favour of equal weighting are persuasive, not least being the absence of any consistent logical system for the allocation of differential weights. However, the mere selection of characters which we consider pertinent is in effect a 'weighting system', because only certain characters are used and others omitted.
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Pilot Study No systematic study has so far compared the results of different taxonomic methods applied to the same data. For this reason we feel it necessary to carry out a pilot study on a specially selected sample of our data, to test the suitability for our purpose, and the efficiency, of the available taxonomic programs. We have at our disposal the IBM Taxonomy Application which will be discussed in detail, and will mention briefly an alternative technique which is still being developed. Our specially selected sample consisted of 50 patients with liver disease as shown in Table 1 . Patients in the first five categories were considered by our physicians to be typical examples and the diagnosis was not in question. The 9 patients with 'juvenile cirrhosis', or active chronic hepatitis as the syndrome is now called, were included to see whether or not they fell naturally into a separate group.
A taxonomy program is designed to uncover similarities within the data and to form clusters of the most similar cases. The similarity between any two patients is expressed numerically as a coefficient, and the process of comparison of each patient with every other patient produces a matrix of similarity coefficients. Table 2 shows a simplified section of such a matrix, in which 5 patients are compared, each with every other patient. The diagonal with coefficients of 1 represents the comparison of each patient with himself. It is apparent that the coefficient of 0 9 between patients 1 and 3 indicates that they are very similar, and the coefficient of 0-1 between patients 1 and 4 that these two are dissimilar. A cluster analysis can then be applied to the matrix to define groups of related patients based on high similarity coefficients. The cluster analysis which Table 2 Matrix of similarity coefficients we have used in this program is one of several available techniques, and is termed central or nodal clustering.
In a computer run involving 25 of the patients the first cluster isolated consisted of 12 patients, with the patient T-G 32 at the centre of the cluster. In a print-out from the computer of this cluster the patients were identified by their names and a survey number and their coefficients relative to T-G 32 were tabulated. The relationship can be more clearly seen when the patients are ranked in descending numerical order according to their coefficients, as shown in Table  3 . Analysis of this cluster shows that 9 out of the 12 patients had obstructive jaundice; 4 patients, including T-G 32, had primary biliary cirrhosis; and 5 patients had extrahepatic obstruction due to a stricture or a carcinoma. The remaining 3 patients had a clinical diagnosis of 'juvenile cirrhosis' and 2 of these had other manifestations suggesting systemic lupus erythematosus. Table 3 First cluster isolated The computer program has facilities for altering the level of the cluster boundary to include more or less patients, or to split a cluster into 2 subclusters. The second cluster isolated showed how this could be effected. The cluster consisted of 5 patients with the patient A-W 1 at its centre. Four of them had infectious hepatitis, and a fifth with alcoholic cirrhosis was the last to join the cluster. The coefficient for this patient was lower with respect to A-W 1 than the coefficients for the other patients. The cluster boundary, if set above a level of 0-38, would conveniently exclude this patient, so that the cluster would contain only the 4 patients in the collection who had infectious hepatitis.
However, the determined level for the cluster boundary is operative throughout the program, and this level may not be appropriate for all clusters. This is indeed our experience, and in the first cluster there is no level at which we could set the cluster boundary to obtain discrimination between patients with intrahepatic obstruction (i.e. primary biliary cirrhosis) and extrahepatic obstruction. Our experience has shown too that patients with 'juvenile cirrhosis' have not fallen into a natural group, but have been included in other clusters or remained unclustered. So it appears that the program has clustered the patients but not with sufficient precision, and there appear to be two possible approaches which may enable us to obtain a more profitable division. Modification of the input data may alter the similarity coefficients, and the use of a different clustering technique may be more appropriate.
Modification ofInput Data Many clinical characters elicited in patients with liver disease are nonspecific, and only a few are pathognomonic. The same criticism can be made concerning the results of many hxvmatological investigations, and it is not until the results of biochemical investigations are considered that discrimination can be made between liver diseases which are clinically similar but pathologically distinct. Special investigations such as venography, cholangiography, exploratory surgery and hepatic histology, enable even greater discrimination to be made.
For these reasons we are attempting to alter the distribution of our characters, contracting the clinical data and expanding the information derived from selected investigations, especially the histological data. The liver biopsies have been reviewed and information on 50 histological characters is now available for each patient. This will put greater emphasis on the histological data, and will enable the often highly discriminant information obtained from a liver biopsy to be used more profitably. This is ofcourse a 'weighting system' since we are not giving all characters equal importance. However, our aim is to obtain a useful classification, and we are inclining to the view which is emerging in taxonomy, that equal weighting should no longer be regarded as axiomatic. Unfortunately, no fully satisfactory method of representing relative importance for the computer, in a numerical form, has yet been devised.
Alternative Clustering Technique
The second possible improvement concerns the choice of clustering technique. It is arguable whether nodal clustering gives a fair representation of the situation existing in our data. The patient selected as the centre of the system may not necessarily be at the centre of any cluster. If this were so, it would seem not to be the optimal point at which to start a cluster analysis.
An alternative clustering technique is the method of single linkage in which patients most related are clustered together first, gradually admitting more members into the clusters by lowering the criteria of admission. It remains to be seen whether weighting and the application of this technique will enable us to define more precisely the disease entities which exist among patients with hepatic disease. The increasing reliance of the clinician on laboratory investigation and the faster turnover of patients in hospital beds has led to a tremendous increase in the demand for biochemical tests. At University College Hospital, records for the last sixteen years show that the demand has roughly doubled every five years: in 1949 we carried out 9,000 analyses whereas in 1965 the figure was 92,000. Very similar rates of growth have been reported by other teaching hospitals in this country (Eaton & Lathe 1963 , Whitby 1963 and there are no indications of any diminution of the rate of rise; on the contrary, there are pointers to an even faster rate of growth. Economic pressures necessitating more efficient use of hospital beds might well lead to the adoption of routine biochemical investigation of all patients admitted to hospital; even screening of well persons seems a possibility. This expansion has created and will continue to produce many new problems for the chemical pathologist, not least of which is the difficulty of handling all the data involved.
